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ABSTRACT
R e s e r v o i r  d e p o s i t i o n  e x p e r i m e n t s  h a v e  been  c a r r i e d  o u t  
u n d e r  v a r i o u s  c o m b i n a t i o n s  o f  f l o w ,  s a n d  d i s c h a r g e  r a t e s ,  g r a i n  
s i z e s  and  r e s e r v o i r  d e p t h s .
A s t u d y  h a s  be e n  made t o  c om pa re  t h e  r e s u l t s  o b t a i n e d  f rom 
t h e  e x p e r i m e n t s  w i t h  t h e  w e l l  known bed l o a d  f o r m u l a e  o f  DuBoys, 
S h i e l d s ,  E i n s t e i n  and K a l i n s k e .
F i n a l l y  a  c o m p a r i s o n  o f  t h e  d a t a  o b t a i n e d  was  made w i t h  
t h e  s t r e a m  g e o m e t ry  e q u a t i o n s  o f  L a c e y ,  L e o p o ld  and Maddock.
i i i
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CHAPTER 1
INTRODUCTION
1 .1  D e s c r i p t i o n  and O b j e c t  o f  t h e  I n v e s t i g a t i o n .
A g r e a t  d e a l  o f  c o n c e r n  l a t e l y  h a s  a r i s e n  a b o u t  t h e  l o s s  
o f  s t o r a g e  and f l o o d  c o n t r o l  c a p a c i t y  o f  many o f  t h e  n a t i o n ' s  
r e s e r v o i r s  due t o  t h e  b u i l d  up  o f  s e d i m e n t  d e p o s i t s .
Many q u e s t i o n s  must  be a n s w e r e d ;  some o f  t h e s e  a r e :
1) How l o n g  w i l l  i t  be  u n t i l  t h e  c a p a c i t y  o f  a r e s e r v o i r  
w i l l  be  s o  r e d u c e d  t h a t  i t  w i l l  n o t  s e r v e  i t s  o r i g i n a l  d e s i g n  
f u n c t i o n s ?
2) Where w i l l  t h e  d e p o s i t s  s e t t l e  o u t  t o  e n a b l e  t h e  
p r o p e r  l o c a t i o n  o f  t h e  o u t l e t s  ( s p i l l w a y s ,  i n t a k e s , b y p a s s e s , e t c . ) ?
3) What i s  t h e  m e c h a n ic s  g o v e r n i n g  t h e  mode o f  a d v a n c e  o f  
t h e  s e d i m e n t  beds?
4)  How c o u l d  r e s e r v o i r  o p e r a t i o n s  be c a r r i e d  o u t  t o  
m i n i m i z e  s i l t a t i o n ?
S i n c e  t h e  f l o w  i n t o  e x i s t i n g  r e s e r v o i r s  h a s  v a r y i n g  
d i s c h a r g e s  and s e d i m e n t  l o a d s  t h r o u g h o u t  t h e  y e a r  i t  h a s  b e e n  v e r y  
d i f f i c u l t  t o  e s t i m a t e  t h e  e f f e c t  o f  e a c h  v a r i a b l e  on t h e  f i n a l  
p o s i t i o n  o f  t h e  d e p o s i t s  by u s i n g  f i e l d  d a t a .
The p r e s e n t  s t u d y  was n o t  u n d e r t a k e n  t o  a n s w e r  t h e  a bove  
q u e s t i o n s  b u t  r a t h e r  t o  t a k e  one  p a r t i c u l a r  s h a p e  o f  r e s e r v o i r  and 
examine  t h e  f a c t o r s  c o n t r o l l i n g  t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  t h e  
f lo w  i n  t h i s  b a s i n  t o  e n a b l e  u s  t o  d e s i g n  f u t u r e  e x p e r i m e n t s  t h a t  
w i l l  a n s w e r  t h e s e  p r o b l e m s .  I n  a t t e m p t i n g  t h i s ,  v a r i o u s  f l o w  r a t e s ,  
s and  d i s c h a r g e  r a t e s ,  r e s e r v o i r  d e p t h s  and  g r a i n  s i z e s  w e r e  u s e d
1
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and  t h e  e x p e r i m e n t a l  r e s u l t s  w e r e  com pared  w i t h  t h e  c l a s s i c a l  
m o b i l e  bed h y d r a u l i c  e q u a t i o n s .
2
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CHAPTER 2 
THEORETICAL BACKGROUND
2 . 1  Bed l o a d  f o r m u l a s
Many f o r m u l a e  have  been  p r o p o s e d  by v a r i o u s  r e s e a r c h e r s  
t o  e x p l a i n  t h e  t r a n s p o r t  o f  bed m a t e r i a l  i n  c h a n n e l s  u n d e r  u n i f o r m  
f lo w  c o n d i t i o n s .  In  t h e  p r e s e n t  s t u d y ,  even  tho u g h  t h e  o v e r a l l  
f l o w  c o n d i t i o n s  i n  t h e  model a r e  n o n - u n i f o r m  due  t o  t h e  sa n d  b e i n g  
d e p o s i t e d  i n  t h e  r e s e r v o i r ,  t h e  w a t e r  and s a n d  f l o w  does  become 
c o n s t a n t  i n  t h e  u p p e r  r e a c h e s  o f  t h e  r e s e r v o i r .  A c o m p a r i s o n  o f  t h e  
f o l l o w i n g  f o r m u l a e ,  w i t h  t h e  c o n d i t i o n s  i n  t h i s  r e g i o n , h a s  b e e n  made.
a )  Du B oys '  f o r m u l a
The  c l a s s i c  a n a l y s i s  o f  bed l o a d  was f i r s t  p u b l i s h e d  
by Du Boys i n  1879.  The a n a y l s i s  a s su m e s  t h a t  t h e  bed moves i n  a 
s o r t  o f  l a m i n a r  f l o w ,  w i t h  l a y e r s  s l i d i n g  o v e r  e a c h  o t h e r ,  t h e  
v e l o c i t y  d e c r e a s i n g  l i n e a r l y  w i t h  d e p t h .
T h i s  l e a d s  t o  t h e  e q u a t i o n :
<ls = T 0 ^ T 0 -  T c J  ( 2 . 1 )
w h e r e  q s  i s  t h e  s e d i m e n t  d i s c h a r g e  p e r  u n i t  w i d t h ( b y  volume)  
Cg i s  t h e  Du Boys '  c o e f f i c i e n t  
T 0 i s  t h e  s h e a r  s t r e s s  a t  t h e  bed 
T c i s  t h e  maximum a l l o w a b l e  t r a c t i v e  f o r c e  i n  t h e  
bed  m a t e r i a l
S t r a u b  (8 )  found  t h a t  t h e  c o e f f i c i e n t  Cs was n o t  c o n s t a n t  
b u t  f o l l o w e d  t h e  r e l a t i o n :
C r  .173  ( 2 . 2 )
3 / 4
d
w h e r e  d i s  t h e  g r a i n  s i z e  i n  m i l l i m e t e r s
3
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Du Boys '  f o r m u l a  was b a s e d  on e m p i r i c a l  v a l u e s  o f  T c t h a t  
d i f f e r  somewhat  f rom S h i e l d s  and a r e  p l o t t e d  a l o n g  w i t h  S h i e l d s '  
v a l u e s  i n  f i g u r e  1.
b) S h i e l d s '  f o r m u la
S h i e l d s  ( 8 , 1 3 )  b a s e d  h i s  f o r m u la  on t h e  N i k u r a d s e  
v e l o c i t y  d i s t r i b u t i o n  e q u a t i o n s  and a  q u a l i t a t i v e  a n a l y s i s  o f  t h e  
d r a g  f o r c e s  e x e r t e d  on t h e  i n d i v i d u a l  sand  g r a i n s  a t  t h e  bed .  The 
e q u a t i o n  i s  d i m e n s i o n a l l y  hom ogeneous ,  so t h a t  any  c o n s i s t e n t  s y s t e m  
o f  u n i t s  c a n  be  u s e d  and h a s  been  s u c c e s s f u l  i n  c o r r e l a t i n g  numerous  
l a b o r a t o r y  s e d im e n t  s t u d i e s ,  a l t h o u g h  i t  h a s  an a p p r e c i a b l e  s c a t t e r .
I t  may be w r i t t e n  a s  f o l l o w s ;
qs Ss -  10 (~ T o  - T c   (? 3 i
q S [ t ( S s - 1) d j
w h e r e  Ss i s  t h e  s o l i d ; f l u i d  d e n s i t y  r a t i o
q i s  t h e  d i s c h a r g e  p e r  u n i t  w i d t h
S i s  t h e  bed  s l o p e
T i s  t h e  s p e c i f i c  w e i g h t  o f  w a t e r
d i s  t h e  g r a i n  s i z e
c )  E i n s t e i n ' s  f o r m u l a
One o f  t h e  b e s t  known f o r m u l a s  i s  t h a t  o f  E i n s t e i n  ( 2 , 6 , 8 , 1 3 )  
w h i c h  i s  b a s e d  on p h y s i c a l  r e a s o n i n g  a s  w e l l  a s  d i m e n s i o n a l  and 
s t a t i s t i c a l  c o n s i d e r a t i o n s .
H i s  b a s i c  o b s e r v a t i o n  was t h a t  a g r a i n  on b e i n g  d i s l o d g e d  
from  t h e  b e d ,  t r a v e l l e d  a  d i s t a n c e  L b e f o r e  coming to  r e s t  a g a i n ,  
and  t h a t  L = X d
where  L i s  t h e  p a r t i c l e  t r a v e l  d i s t a n c e  
X i s  a c o e f f i c i e n t
4
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I f  p s i s  t h e  p r o b a b i l i t y  t h a t  any g r a i n  w i l l  b e  d i s l o d g e d  w i t h i n  a  
g i v e n  s e c o n d ,  and d^ i s  t h e  bed a r e a  o c c u p i e d  by e a c h  g r a i n ,  t h e n
t h e  number o f  g r a i n s  d i s l o d g e d  e v e r y  s e c o n d  w i l l  be  e q u a l  t o :
L Ps 
Al  d1
Hence i f  A2 d^  i s  t h e  volume o f  e a c h  g r a i n ,  t h e n  t h e  t o t a l  vo lume o f
g r a i n s  c r o s s i n g  a  s e c t i o n  e v e r y  s e c o n d  i s  e q u a l  t o :
,3 . . /
( 2 - 4 )^ s  = L Ps * A2 d _ ^ 2  X d P«i p Ai
Ax d 1
w h e re  A^ and  a r e  p a r t i c l e  s h a p e  f a c t o r s
To e v a l u a t e  ps E i n s t e i n  p o s t u l a t e d  t h a t  i t  wouLd be a 
f u n c t i o n  o f  t h e  r a t i o  be tw een  t h e  L i f t  f o r c e  w h i c h  t h e  f l o w  can  
e x e r t  on t h e  g r a i n  and t h e  submerged  w e i g h t  o f  t h e  g r a i n  i t s e l f  o r :
T 0
a2 t  ( Ss -1  ) d
w h ic h  i s  p o r p o r t i o n a L  to  t h e  S h i e L d s  e n t r a i n m e n t  f u n c t i o n  F s -
S i n c e  Fs i s  d i m e n s i o n L e s s  and p h a s  d i m e n s i o n  o f  1 / t  i t  
f o l l o w s  t h a t ;
Ps  = It
E i n s t e i n  p o s t u l a t e d  t h a t  a  s u i t a o l e  t im e  i n t e r v a l  w o u ld  be  t h e  t im e  
f o r  a g r a i n  t o  f a l l  i t s  own d i a m e t e r  a t  i t s  f a l l  v e l o c i t y .  Thus :
p d -  / ( F c )
P s -  '  ^  s ;  ( 2 . 5 )
S u b s t i t u t i n g  t h e  a bove  i n  e q u a t i o n  2 . 4 ,  i n c o r p o r a t i n g  t h e  c o n s t a n t s
A^,A2 , and  X i n  t h e  ,f u n c t i o n a l  s i g n ,  he  o b t a i n e d :
_ ^ s _  _ F s ) 
w d
o r (i)<i> = ( 2 - 7 )
5
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w h e r e  v ,  t h e  p a r t i c l e  f a l l  v e l o c i t y ,  i s  g i v e n  by
w :  G d ( Ss - 1> ( 2 . 8 )
and G r M Z  36 I 36 v 1
g d^ ( s . - 1,  -  V g d J ' d T T )  ( )
sf> i s  t h e  E i n s t e i n  bed l o a d  f u n c t i o n
*  i s  t h e  r e c i p r o c a l  o f  S h i e l d s 1 e n t r a i n m e n t  f u n c t i o n  
g i s  t h e  a c c e l e r a t i o n  due  t o  g r a v i t y  
y i s  t h e  k i n e m a t i c  v i s c o s i t y  
The e m p i r i c a l  <f>- l / ' J '  r e l a t i o n  i s  p l o t t e d  i n  f i g u r e  2 i n  a
f o rm  due t o  Brown ( 2 ) ,  who a l s o  d e d u c e d  t h e  e q u a t i o n  g i v e n  f o r  t h e
u p p e r  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  c u r v e  w h i c h  i s :
d) K a l i n s k e ' s  f o r m u l a
K a l i n s k e  ( 2 , 8 )  s u g g e s t e d  a  bed l o a d  f o r m u la
b a s e d  on t h e  a n a l y s i s  o f  t u r b u l e n t  f l u c t u a t i o n s  i n  v e l o c i t y  a t  t h e
b e d .  He s t a t e d  t h a t  t h e  vo lume r a t e  o f  s e d i m e n t  movement  p e r  u n i t
w i d t h  must  be e q u a l  t o  t h e  p r o d u c t  o f  t h e  p a r t i c l e  v e l o c i t y  v s , t h e
3
p a r t i c l e  vo lume v d and t h e  a v e r a g e  number  o f  p a r t i c l e s  m ov ing p e r  
6
u n i t  bed a r e a .
Thus  q s  = r d ^  v s p = 2 v s  p d ( 2 . 1 0 )
6 —d / 4  3
w h e r e  p i s  t h e  c o v e r a g e  f a c t o r
The  q u a n t i t i e s  v s  and p r e m a i n  t o  b e  e v a l u a t e d .  The
p a r t i c l e  v e l o c i t y  v i s  p o r p o r t i o n a l  t o  t h e  s h e a r  v e l o c i t y  <frY /  Ps yf o
and  t h e  c o v e r a g e  f a c t o r  p i s  a f u n c t i o n  o f  T ^ , / T c j w h i c h  i s  d i r e c t l y  
p o r p o r t i o n a l  t o  t h e  e n t r a i n m e n t  f u n c t i o n  I / ' ! '  w i t h  t h e  r e s u l t  t h a t
6
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^To I P  d
<ls ( 2 . 1 1 )
w here  P i s  t h e  f l u i d  d e n s i t y
T h i s  f u n c t i o n  i s  p l o t t e d  i n  f i g u r e  3 i n  a  fo rm  p r o d u c e d  
by Brown (2 )  who a l s o  showed t h a t  t h e  u p p e r  p o r t i o n  f o l l o w e d  t h e  
r e l a t i o n :
2 . 2  C h o i c e  o f  Bed Load Fo rm u la
I t  i s  o f t e n  v e r y  d i f f i c u l t  t o  make a  c h o i c e  among
t h e  bed l o a d  f o r m u la e  d e v e l o p e d  by DuBoys, S h i e l d s ,  E i n s t e i n  and 
K a l i n s k e ,  f o r  t h e  d a t a  u s e d  i n  d e v e l o p i n g  t h e s e  e q u a t i o n s  had 
a b o u t  one  l o g  c y c l e  o f  s c a t t e r .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  
DuBoys '  e q u a t i o n  i s  t h e  l e a s t  s a t i s f a c t o r y  w h i l e  t h e  r e m a i n i n g  
e q u a t i o n s  g i v e  e q u a l l y  a c c e p t a b l e  r e s u l t s .  The e q u a t i o n s  as  
d e v e l o p e d  a r e  i n  a c h r o n o l o g i c a l  o r d e r  and e a c h  s u c c e e d i n g  
r e s e a r c h e r  u t i l i z e d  most  o f  t h e  p r e v i o u s  e x p e r i m e n t a l  d a t a  i n  
t r y i n g  t o  d e v e l o p  a more g e n e r a l  f o r m u l a .  E i n s t e i n ' s  and  K a l i n s k e * s  
e x p e r i m e n t s  w ere  g e n e r a l l y  i n  t h e  d u n e - t y p e  b e d fo r m  r a n g e  o f  f l o w .  
T h e s e  e q u a t i o n s  a r e  o n l y  m ean t  t o  be  u s e d  f o r  c h a n n e l s  w i t h  
g r a n u l a r ,  n o n - c o h e s i v e  bed m a t e r i a l s .
2 . 3  Liu-Hwang E q u a t i o n s
f o r m u l a  t o  d e t e r m i n e  more a c c u r a t e l y  t h e  mean v e l o c i t y  o f  f lo w  
i n  a l l u v i a l  c h a n n e l s .  They assumed  t h a t  i n  g e n e r a l  an  e x p o n e n t i a l  
t y p e  o f  d i s c h a r g e  f o r m u l a  w ould  a p p l y  and c o u l d  be  w r i t t e n  a s :
( 2 . 12)
L i u  and Hwang d i d  a s t u d y  t o  f i n d  a s u i t a b l e
V = Ca Rx S>T ( 2 . 1 3 )
7
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w h e r e  Ca i s  an e m p i r i c a l  c o e f f i c i e n t
x and y a r e  p u r e  numbers
F o u r  f i g u r e s  w e re  d e v e l o p e d  t o  e v a l u a t e  t h e  a bove
c o n s t a n t s .  U s in g  f i g u r e  4 ,  t h e  bed fo rm  i s  e v a l u a t e d ,  and t h e n
f ro m  f i g u r e  5 t h e  power o f  t h e  h y d r a u l i c  r a d i u s  i s  e s t i m a t e d .  F i g u r e  6
shows t h e  power o f  t h e  s l o p e ,  w h i l e  f i g u r e  7 e s t i m a t e s  t h e  d i s c h a r g e
c o e f f i c i e n t .
2 . 4  L a c e y ' s  E q u a t i o n s
Lacey  (10)  u s i n g  t h e  p r i n c i p l e s  o f  c l a s s i c a l  p h y s i c s
a p p r o c h e d  t h e  p ro b le m s  o f  m o b i l e - b o u n d a r y  h y d r a u l i c s  by an a n a y l s i s
o f  m e a s u r a b l e  d a t a  d e r i v e d  f rom  c a n a l  s y s t e m s  i n  I n d i a .
L a c e y  f i r s t  examined  t h e  p r o p o s i t i o n
P z  f u n c t i o n  V 
R
o b t a i n i n g  t h e  e x p r e s s i o n
P = 2 . 6 7  Q1 ^2 ( 2 . 1 4 )
w h e r e  P i s  t h e  w e t t e d  p e r i m e t e r  o f  t h e  f lo w  c r o s s - s e c t i o n  
R i s  t h e  h y d r a u l i c  mean r a d i u s  
V i s  t h e  mean v e l o c i t y  
Q i s  t h e  v o l u m e t r i c  r a t e  o f  d i s c h a r g e  
L a c e y  a l s o  p u t  f o r w a r d  " a  v e r y  r o u g h  q u a l i t a t i v e  f o r m u l a  " 
f o r  t h e  s i l t  f a c t o r  f  a s  fo l l o w s ' :
1 /2
f  :  8 d '  ( 2 . 1 5 )
w h e r e  d i s  t h e  g r a i n  s i z e  i n  i n c h e s  
He u t i l i z e d  t h i s  e q u a t i o n  i n  d e r i v i n g  t h e  f o l l o w i n g  
f o r m u l a e  f o r  s l o p e  and a r e a :
S = .000547  f 5 / 3  Q"1 / 6  ( 2 . 1 6 )
8
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( 2 . 1 ? )
From w h ic h  i t  i s  p o s s i b l e  t o  d e r i v e  e q u a t i o n s  f o r  t h e  
f l o w  d e p t h  and v e l o c i t y .
w h e r e  A i s  t h e  f l o w  a r e a
D i s  t h e  mean d e p t h  o f  f l o w
2 . 5  S t r e a m  Geom etry  E q u a t i o n s
L e o p o l d  and Maddock ( 1 2 )  u s i n g  t h e  d a t a  on s t r e a m f l o w  
a v a i l a b l e  i n  t h e  W a te r  S u p p l y  P a p e r s  o f  t h e  U.S .  G e o l o g i c a l  S u r v e y ,  
d e v e l o p e d  a  s e r i e s  o f  e q u a t i o n s  r e l a t i n g  w i d t h ,  d e p t h  and v e l o c i t y  
t o  t h e  d i s c h a r g e .
s h a p e  a t  c e r t a i n  r i v e r  c r o s s - s e c t i o n s  At  a  g i v e n  c r o s s - s e c t i o n  
t h e  w i d t h ,  d e p t h  and v e l o c i t y  a l l  c h a n g e  w i t h  t h e  amount  o f  w a t e r  
f l o w i n g  i n  t h e  c r o s s - s e c t i o n .
s e c t i o n s  moving  d o w n s t r e a m  a l o n g  t h e  l e n g t h  o f  a  p a r t i c u l a r  r i v e r  
s y s t e m .
p l o t t e d  a g a i n s t  d i s c h a r g e  on l o g a r i t h m i c  p a p e r ,  t h e i r  r e l a t i o n s  t o  
d i s c h a r g e  a r e  e x p r e s s e d  by n e a r l y  s t r a i g h t  l i n e s ,  i r r e s p e c t i v e  a s  t o  
w h e t h e r  t h e  d a t a  was f o r  one  c r o s s - s e c t i o n  o r  a  d o w n s t r e a m  s e r i e s .
Thus t h e  r e l a t i o n  o f  d i s c h a r g e  t o  o t h e r  h y d r a u l i c  f a c t o r s  
i n  n a t u r a l  r i v e r s  c a n  be  d e s c r i b e d  by
( 2 . 1 9 )
(2 . 18)
F i r s t  t h e y  e xam ined  t h e  c h a r a c t e r i s t i c s  o f  t h e  c h a n n e l
N ex t  t h e y  examined  t h e s e  same c h a r a c t e r i s t i c s  i n  s u c c e e d i n g
They fou n d  t h a t  i f  t h e  w i d t h , d e p t h  and  v e l o c i t y  a r e
b ( 2 . 20)W = a Q
D = c Qe ( 2 . 2 1 )
9
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V = k  QJ ( 2 . 2 2 )
w h e re  W i s  t h e  c h a n n e l  bed w i d t h
a , c , k , b , e , a n d  j  a r e  c o n s t a n t s  
S i n c e  Q = a r e a  *  v e l o c i t y
= W D V  = a Q b* c Q e * k Q J
= a c  k  Q b+64j  ( 2 . 2 3 )
I t  t h e r e f o r e  f o l l o w s  t h a t
b + e - r j  = 1 . 0  ( 2 . 2 4 )
a c k  = 1 . 0  ( 2 . 2 5 )
The a v e r a g e  v a l u e s  o f  t h e  e x p o n e n t s  b , e , a n d  j  w e r e  computed
f o r  20 r i v e r  c r o s s - s e c t i o n s , b y  L e o p o l d  and Maddock,  r e p r e s e n t i n g  a 
l a r g e  v a r i e t y  o f  r i v e r s  i n  t h e  G r e a t  P l a i n s  and  S o u t h w e s t  and t h e y
w e r e  fo u n d  t o  b e :  b = 0 . 2 6
e = 0 . 4 0  
j  = 0 . 3 4
I n  t h e  s e c o n d  s t u d y  t h e  a v e r a g e  v a l u e  f o r  t h e s e  e x p o n e n t s
w e r e  c a l c u l a t e d  u s i n g  d a t a  f rom  8 r i v e r  s y s t e m s  and  w e r e  found t o  be
b = 0 . 5 0  
e  = 0 . 4 0  
j  = 0 . 1 0
S i n c e  t h e  w i d t h  and d e p t h  f o r  a  g i v e n  d i s c h a r g e  v a r y  
w i d e l y  from one  c r o s s - s e c t i o n  t o  a n o t h e r  t h e  v a l u e s  o f  a , c  and k 
w i l l  a l s o  v a r y ,  and  so f a r  t h e  f a c t o r s  g o v e r n i n g  t h e s e  v a r i a t i o n s  
a r e  y e t  t o  b e  d e t e r m i n e d .
2 . 6  E i n s t e i n  and B a r b a r o s s a  E q u a t i o n
E i n s t e i n  and B a r b a r o s s a  assum ed  t h a t  t h e  h y d r a u l i c  r a d i u s  
c o n s i s t e d  o f  two p a r t s ;  t h e  h y d r a u l i c  r a d i u s  R 1 due  t o  s u r f a c e
10
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r o u g h n e s s  and t h e  h y d r a u l i c  r a d i u s  R-R'  due  t o  fo rm  r o u g h n e s s .
Do land  and Chow h a v e  t a k e n  t h i s  i d e a  and h a v e  shown t h a t  
t h e  f u n c t i o n
and  h a v e  d e v e l o p e d  f i g u r e  8 t o  e v a l u a t e  ( R ' / R ) .  Thus M a n n in g ' s  N 
can  b e  w r i t t e n  as
2 . 7  Simons and R i c h a r d s o n  E q u a t i o n s
Simons and R i c h a r d s o n  d e v e l o p e d  a  number o f  e q u a t i o n s  
f rom w h ic h  C h e z y ' s  C can be  d e r i v e d  o n c e  t h e  bed fo rm  i s  d e t e r m i n e d  
They  a l s o  d e v e l o p e d  f i g u r e  9 t o  c l a s s i f y  t h e  bed fo rm.  F o r  dune  bed 
t h e  e q u a t i o n  i s  o f  t h e  form
11
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CHAPTER 3 
DEVELOPMENT OF FORMULAE
3 . 1  Manning - S t r i c k l e r  e q u a t i o n s
I n  t h e  p r e v i o u s  c h a p t e r  t h e  v a r i o u s  e q u a t i o n s  g o v e r n i n g  t h e  
t r a n s p o r t  o f  bed m a t e r i a l  w e re  d i s c u s s e d .  T h e s e  e q u a t i o n s  a l o n g  
w i t h  M a n n i n g ' s  e q u a t i o n  were  u s e d  t o  d e s c r i b e  t h e  f lo w  o f  t h e  w a t e r - 
sed im emt  m i x t u r e .
M a n n in g ' s  e q u a t i o n  can  be  w r i t t e n  a s  
q = 1 .486  A R2 / 3  S1 /2
N B
- 1 .486  B D D2 ^3 S l / 2  
N B
w h e re  t h e  a p p r o x i m a t i o n  
D = R i s  u s e d
q = 1 .486  D 5 ^  S 111 
N
( 3 . 1 )
^  S r  S2 N2
2 . 2 1  D1 0 / 3
( 3 . 2 )
S u b s t i t u t i n g  S t r i c k l e r ' s  e m p i r i c a l r e l a t i o n
N r  0 .0 3 4 2  d 1 /6 ( 3 . 3 )
w here  d i s  t h e  g r a i n  s i z e  i n  f e e t
q - 4 3 . 4  D5 / 3  S1/2  
1 / 6
a
( 3 . 4 )
2 • 1 /3  S -  0 . 0 0 0 5 3  q d ( 3 . 5 )
w h e re  N i s  M a n n i n g ' s  r e s i s t a n c e  c o e f f i c i e n t  
B i s  t h e  c h a n n e l  w i d t h  
d i s  t h e  g r a i n  s i z e  i n  f e e t
12
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3 , 2  Du B o y s - M a n n i n g - S t r i c k l e r - T r a c t i v e  F o r c e  E q u a t i o n s
q s :  c s T 0 ( T o '  T c  ) r  0 . 1 7 3  T  D S ( T D S - T c  )
3 / 4
d mm
S u b s t i t u t i n g  M a n n i n g ' s  S f rom  e q u a t i o n  ( 3 . 4 )
2 1 / 3
q r  0 . 1 7 3  T  D /  0 . 0 0 0 5 3  q d f t  
S 3 / 4  I 1 0 / 3
mm
T D  /  . 0 0 0 5 3  q
D
10/3
D i v i d i n g  by M a n n i n g ' s  q2 f ro m  e q u a t i o n  ( 3 . ^ )
q s -  0 .  173 T D S ( T D S  -  T c ) 




mm 4 3 . 4  D
5 / 3  I / *
S u b s t i t u t i n g  d = 0 . 6 0  mm and  Tc 1 0 . 0 0 0 4  f rom  f i g u r e
4 2.4 2 4  * 10 J  _q____  -  . 2 5 9  * 10 £
4 . 6 7 2 . 3 3
D
(
q 5 = 0 .0 6 4 8  S -  0 . 2 5 9  * 10




o r  S r /  q 259 *  10~4 \  D1 ' 33
, 2 . 3 3q D“ ‘ /  .0 6 4 8
S u b s t i t u t i n g  d :  0 . 2 0  ram and  T  - 0 . 0 0 0 3
(3
q g = .465  * 1 0 " 5   _  . 6 3 8  * 10" 5 q2
4 . 6 7
D
2 . 3 3
D
(3






( 3 . 6 )
( 3 . 8 )
1




. 1 3 )
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3 . 3  S h i e l d s - M a n n i n g  - S t r i c k l e r -  T r a c t i v e  F o r c e  E q u a t i o n s
q s Ss = 10(  T o  - T c \  ( 3 . 1 4 )
q S \ T ( S s - 1)
q s = 10 S ( T D S - T c ) ( 3 . 1 5 )
Ss T ( S s - 1) df t
S u b s t i t u t i n g  M a n n i n g ' s  S from e q u a t i o n  ( 3 . 4 )
2 l / 3 \  /  2 1 / 3
qs = 10 q  (  . 0 0 0 5 3  q d f t  \  /  T D .0 0 0 5 3  q d f t  _  T c  \  <3- 1(
c T  r c  n  j  \  n 1 0 / 3  /  V n 1 0 / 3Ss T <Ss - l )  d f t  \  D J \  D
2
D i v i d i n g  by  M a n n i n g ' s  q f rom e q u a t i o n  ( 3 . 3 )
/  3/ 6q . ;  I Q S  ( T P S  - T c ) d f t  \  ( 3 . 1 7 )
q 3 Ss T (Ss  -  1) d f t  \ 4 3 . 4  D573 S1 /2
S u b s t i t u t i n g  d = .6 0  mm and T c = .0001  from f i g u r e  1
’5 £ _____ _  . 76 * 10" 5 £_3
5 67
D D'
q s = . 5  *  10   _  -      ( 3 . 1 8 )
5 - 67 _ 3 . 33
q .  r  .0 7 6  S .7 6  *  1Q~5 ( 3 . 1 9 )
3 .3 3
D
o r  s  :  /  q s ^  .7 6  * 10~5 \  D2 ' 33 ( 3 . 2 0 )
3 -3 3  I 
D j  .0 7 6
S u b s t i t u t i n g  d = . 2 0  mm and T c ;  . 0 0 0 0 6
q s = .7 2  * 10 ' 5 ___  _  .9 5  *  10“ 5 q^  ( 3 . 2 1 )
5 . 6 7  3 . 3 3
D D
+ . 9 5  * 10“ 5 \ d 2 ' 33 ( 3 . 2 2 )
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3 . 4  E i n s t e i n - M a n n i n g - S t r i c k l e r - T r a c t i v e  F o r c e  E q u a t i o n s
qs  = qs  :  40 (  T q \ 3 ;  40 D3 S3
i j 3
w d Gy]g d (S s  - 1) d y x  ( S s -  1) d J  ( S s - 1) d
S u b s t i t u t i n g  M a n n i n g ' s  S f rom e q u a t i o n  ( 3 . 4 )
, 2 ,i / ,  \  3} <
jn
( S s -  1) d \  D
q s  = G d ( S s - 1) d 40 D / . 0 0 0 5 3 q d 1^
^ 1 0 / 3
-8  6 
:  0 .9 2 9  * 10 G q
r"v7d D
D i v i d i n g  by M a n n in g ' s  q f rom e q u a t i o n  ( 3 . 3 )
q r  G d ( S s -  1) d 40 D3 S3 f  d 1/6
3 T T \ " “  ~ 5 / 3 — 1/ 2"(S - 1 )  d \ 4 3 . 4  D S
0 . 4  , v 0 . 4  v 0 . 5 3 3  
o r  S - 0 . 8 5 4  f I ] [  \  ( d
3 . 5  K a l i n s k e - M a n n i n g - S t r i c k l e r - T r a c t i v e  F o r c e  E q u a t i o n s  
« s  = 10 I  To
\ f l j p  d \ T  ( S s - 1) d
qs :  10   = 10 T 1/2  P5/2  S5/2
^  T 2 ( S s - l ) 2 d V 7  ( S s - l ) 2 d 
S u b s t i t u t i n g  M a n n i n g ' s  S f rom  e q u a t i o n  3 . 4
q s  r  10 Y 1 /2  P 5 / 2 __________ / . 0 0 0 5 3  q2 d 1 /3> ^ 5 /2
( 1 . 9 5 ) 1 /2  ( S s - I ) 2 d 1 D1 0 /3
13 * 10' 6 q 5
d° - 167 D5 - 83
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D i v i d i n g  by M a n n i n g ' s  q f ro m  e q u a t i o n  ( 3 . 3 )
:  10 T 2 p 5 / 2  s 572 I  d 176 \  ( 3 . 3 2 )
q A F ( S s - l ) 2 d \ « . 4  D5/J Sl / 2 ,
4), „ ° - 5 /  \ 0 . 4 2o r  S -  1 . 4 5  f  q<T\ / d \  ( 3 . 3 3 )
3 . 6  Liu-Hwang E q u a t i o n s
In  s e c t i o n s  3 . 2  t o  3 . 5  v a r i o u s  e q u a t i o n s  w e r e  d e v e l o p e d  
u s i n g  t h e  M a n n i n g - S t r i c k l e r  e q u a t i o n s .  The se  e q u a t i o n s  w ere  o r i g i n a l l y  
d e d u c e d  f o r  u n i f o r m  f lo w  c o n d i t i o n s  w i t h  a p l a n e  b e d .  An a l t e r n a t i v e  
form o f  e q u a t i o n  may be  one  d e v e l o p e d  u s i n g  t h e  f a c t  t h a t  t h e r e  
was r e s i s t a n c e  due  t o  t h e  bed fo rm .  Thus  e q u a t i o n s  w e r e  d e v e l o p e d  
u s i n g  t h e  Liu-Hwang m ethod .  U s i n g  f i g u r e  4 i t  was found  t h a t  t h e  
e x p e r i m e n t s  a l l  l a y  i n  t h e  r a n g e  o f  dune  t o  t r a n s i t i o n a l ,  and know ing  
t h a t  t h e  e x p e r i m e n t s  gave  a  dune  t y p e  p r o f i l e ,  i t  was d e c i d e d  t o  
u s e  t h e  l i n e  r e p r e s e n t i n g  d u n e s  i n  i n t p r e t i n g  t h e  f i g u r e s .
I t  was found  t h a t
o r
V = 22 r .585  s •336 f o r d = .60 mm ( 3 . 3 4 )
V = n r .430  s - 305 f o r d = .20 mm ( 3 . 3 5 )
q - 22
r ! . 5 8 5  s •336 f o r d = .60 mm ( 3 . 3 6 )
q = 11
1 .4 3 0  .305  
R S f o r d = .2 0 mm ( 3 . 3 7 )
9 QS
o r  S :  .0001  q f o r  d = .60 mm ( 3 . 3 8 )
D4 - 72
S r  .000358  q 3 - 28 f o r  d = .2 0  mm ( 3 . 3 9 )
D4 *68
16
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3 . 7  D u B o y s - L i u - H w a n g - T r a c t i v e - F o r c e - E q u a t i o n s  
q s = - 176 T D S ( T D  S - Tc )
d 3/4mm
2 2
q s = 1005 D S .00645  D S f o r  d = .6 0  mm
2 9q = 2280 D S -  .0 1 1  D S f o r  d = .2 0  mm
s
S u b s t i t u t i n g  S f rom Liu-Hwang e q u a t i o n
q ; . 1 0 0 5  *  10 ' 4 q 5 , 9 6  .645  * 10~5 q2 ‘ 98 f o r  d = . 6 0  mmS   — ---------
„ 7 . 5 4  d 3 .7 2
q = .3 3 8 0  * 1 0 " 3 q ' 56 _  .4 2 4  * 10" q 3 - 28 f o r  d = . 2 0  mm
d7 . 3 6  d 3 . 6 8
D i v i d e  by S f rom  Liu-Hwang e q u a t i o n s  and  s o l v e  f o r  S
f o r  d - . 6 0  mm 
.1005
-5 \  2.68  
.550  * 10 \  D  f o r  d = . 20 mm
D3 - 68 I  1 . 1 4
3 .8  S h i e l d s - L i u - H w a n g - T r a c t i v e - F o r c e - E q u a t i o n s
q s S s = 10 /  T0 -  Tc 
q S i T ( S s -  1) d
q,, = 1162 D -  .0 0 1 8 6 2  S f o r  d =. 6 0  mm
q s r  3430  D S - . 0 0 3 3  S f o r  d= .20mm
-6  \  2 . 7 2
.489 * 10
2 . 9 8
3 . 2 8
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S u b s t i t u t i n g  S from th e  Liu-Hwang e q u a t io n s
q s -  1162 * 1 0 ' 4 q6 96 _  1862 * 1 0 ' 6 q 3 98 f o r  d = .6 0  mm ( 3 .5 0 )
d 8 . 5 4  d4 . 7 2
q s :  5080 * 1 0 ' 3 q7 ’ 56 _  1270 * 10_5 q4 ' 28 f o r  d = . 2 0  mm ( 3 .5 1 )
8 . 3 6  4 . 6 8
D D
D i v i d i n g  by S f ro m  t h e  Liu-Hwang e q u a t i o n s  and s o l v i n g  f o r  S
S ;  /  i s  .1862  * 10 \  D f o r  d= .60  nun ( 3 . 5 2 )
3 -9 8  4 . 7 2  /
q  D /  .1162
o /  q .  .73  * 10 \  D3 ' 88 f o r  d = .2 0  mm ( 3 .5 3 )s = I 2 L -  + ----------------
4 - 2 8  4 . 6 8  ,q  D /  .757
3 .9  E i n s t e i n - L i u - H w a n g - T r a c t i v e  F o r c e -  E q u a t i o n s
q s :  40 I i o  1 ( 3 . 5 4 )
w d \  T (S r l )  d j
q r  539000 D3 S3 f o r  d = . 6 0  mm ( 3 .5 5 )
s
q = 198000 D3 S3 f o r  d = . 2 0  mm ( 3 .5 6 )
S u b s t i t u t i n g  S from t h e  Liu-Hwang e q u a t i o n  
-6  8 . 9 4q s = .539  * 10 q f o r  d = .6 0  mm ( 3 . 5 7 )
11.16
D
- 4  9 . 8 4
qs r  -113  *  10 q________ f o r  d = .2 0  mm ( 3 . 5 8 )
1 1 .0 4
D
18
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7
D i v i d i n g  by S from Liu-Hwang e q u a t i o n  and s o l v i n g  f o r  S 
6 .4 4




S = 3 4 .0 7  q s D f o r  d = . 2 0  mm ( 3 . 6 0 )
6 - 56
q
3 . 1 0  K a l i n s k e - L i u - H w a n g - T r a c t i v e  F o r c e -  E q u a t i o n s
qs = 1 0  /  T0 \ 2 ( 3 . 6 1 )
)yj  T o / p  d \  T  ( S s - 1 )  d
5 /2  5 / 2q s = 10580 D S '  f o r  d = . 6 0  mm ( 3 . 6 2 )
qg r  31200 D5 / 2  S5 / 2  f o r  d = . 2 0  mm ( 3 . 6 3 )
S u b s t i t u t i n g  S from t h e  Liu-Hwang e q u a t i o n s
q g = .1058  * 10“ ^ q 7 ' 54 f o r  d = . 6 0  mm ( 3 . 6 4 )
d9 . 3 0
q s = .91 *  10 4 q ^*^1 f o r  d = . 2 0  mm ( 3 . 6 5 )
9 . 2 1
D
3 /2D i v i d i n g  by S f ro m  Liu-Hwang and s o l v i n g  f o r  S
S z 9 4 . 5  q s  D4 '^ ^  f o r  d = .6 0  mm ( 3 . 6 6 )
4 . 4 7
q
S = 4 . 2 2  q s  D4 - 52 f o r  d = . 2 0  mm ( 3 . 6 7 )
4 . 9 3
q
19
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3 . 1 1  E i n s t e i n - B a r b a r o s s a - E q u a t i o n
From e x p e r i m e n t  7 - 4 . 3 2
d 35 = 1 .9 7 5
R S
1 / 3
From f i g u r e  8 R ' / R  = 0 . 3 5
N = -0342  d 1 / 6  = .0242
( . 3 5 ) 2 / 3
V = 6 1 . 5  R2 / 3 S L^2
3 . 1 2  Simons and  R i c h a r d s o n  E q u a t i o n
From e x p e r i m e n t  7 - 4 . 3 2  
S e n e r g y  = .008
V = .5609  f t / s e c  
R = .114  f t
S t r e a m  Power -  T R S V - .317 
From f i g u r e  9 t h e  e x p e r i m e n t  i s  i n  t h e  dune r a n g e ,  t h u s  u s e
C = 7 . 4  l o g 1Q /  D \  f 1-  AR S
V T "  Vd 35y) \  R S
( —\ .  7*
C_ = 7 . 4  l o g 10 / .  1258__________ \  11 -  . 00055
V 3 2 . 2  .  . 0 3 9 3 7 / 1 2 /  1 . 0 0 0 9 1 1
C = 45
V = 45 R l / 2  S1 / 2
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( 3 . 6 8 )
e q u a t i o n
( 3 . 6 9 )
CHAPTER .4
EXPERIMENTAL APPARATUS AND PROCEDURE
4 . 1  The f lum e
The e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  a model  r e s e r v o i r  
b u i l t  i n  a  r e c i r c u l a t i n g  f lu m e  15 f e e t  l o n g ,  5 f e e t  w i d e  and 4 f e e t  
d e e p  a s  shown i n  f i g u r e  11 The f lu m e  i s  o f  w e ld e d  s t e e l  c o n s t r u c t i o n  
w i t h  a  p l e x i g l a s s  s i d e w a l l  f o r  o b s e r v a t i o n s .  The s i z e  o f  t h e  f lum e  
a l l o w s  a w ide  s e l e c t i o n  i n  l e n g t h s ,  w i d t h s  and d e p t h s  f o r  t h e  m odels  
b u i l t  i n s i d e  i t .
4 . 2  S e l e c t i o n  o f  r e s e r v o i r  s h a p e
I n  s t u d y i n g  a  h y d r a u l i c s  p r o b le m  on r e s e r v o i r  s e d i m e n t a t i o n  
t h e  c o n f i g u r a t i o n  o f  t h e  r e s e r v o i r  m us t  be  d e f i n e d .  V a n ' t  Hul (15)  
h a s  p r o p o s e d  a  s y s t e m  o f  c l a s s i f y i n g  r e s e n v o i r s  by u s i n g  a  p l o t  o f  
t h e  r e s e r v o i r  c a p a c i t y  v e r s u s  d e p t h  c u r v e .  The p o i n t s  when p l o t t e d  
u s u a l l y  f a l l  i n  a  s t r a i g h t  l i n e  on l o g - l o g  p a p e r ,  t h e  e q u a t i o n  o f  
w h ic h  i s  i n  t h e  form:
H :  K Cn
w h e r e  H i s  t h e  r e s e r v o i r  d e p t h  m e a s u r e d  f rom  t h e  b o t to m  
C i s  t h e  r e s e r v o i r  c a p a c i t y  
K i s  a  p r o p o r t i o n a l i t y  c o n s t a n t  
n  i s  t h e  s l o p e  o f  t h e  l i n e
U s i n g  "m” , t h e  r e c i p r o c a l  o f  t h e  s l o p e  " n "  , f o u r  c l a s s e s  
o f  r e s e r v o i r s  c a n  be d e s c r i b e d .  As c a n  be  s e e n  i n  f i g u r e  14 , t h e  
g o r g e  t y p e  r e s e r v o i r  h a s  a  s m a l l  r a t e  o f  i n c r e a s e  i n  c a p a c i t y  w i t h  
d e p t h ,  w h e r e a s ,  t h e  l a k e  t y p e  h a s  a  l a r g e  r a t e  o f  i n c r e a s e  o f  
c a p a c i t y  w i t h  d e p t h .  I t  m us t  be  remembered  t h a t  t h e  d e p t h  i s
21
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m e a s u r e d  a s  t h e  d i s t a n c e  from t h e  bo t to m .
"m" R e s e r v o i r  Type
1 . 0  - 1 . 5  Gorge
1 . 5  - 2 . 5  H i l l
2 . 5  - 3 . 5  F l o o d  P l a i n  f o o t h i l l
3 . 5  - 4 . 5  Lake
F o r  t h e  p r e s e n t  s t u d y  i t  was d e c i d e d  t o  u s e  a  g o r g e  t y p e .  
The  t a p e r e d  i n l e t  s e c t i o n  was u s e d  t o  s i m u l a t e  a  s t r e a m  e x p a n d i n g  
i n t o  t h e  r e s e r v o i r  and t h e  t a p e r e d  o u t l e t  s e c t i o n  was u s e d  s i n c e  
m os t  dams a r e  b u i l t  a t  t h e  n a r r o w e s t  p a r t  o f  t h e  r i v e r .
4 . 3  The model
The model  i s  o f  3 / 4 "  plywood c o n s t r u c t i o n  r e s t i n g  on 2I,*4" 
s u p p o r t s .  The s l o p e  o f  t h e  model  was s e t  a t  0 . 0 1 .  The model  
c o n s i s t e d  o f  a one f o o t  w ide  e n t r a n c e  c h a n n e l ,  2 f e e t  l o n g ,  w h ic h  
e x p a n d ed  i n t o  a two and one  h a l f  f o o t  w i d e  t e s t  s e c t i o n ,  10 f e e t  
l o n g  w h ic h  t h e n  c o n t r a c t e d  t o  an  o u t f l o w  a r e a  one f o o t  w id e  a s  
shown i n  f i g u r e  12. The d e p t h  o f  w a t e r  i n  t h e  model  was c o n t r o l l e d  
u s i n g  a  h o r i z o n t a l ,  s h a r p  c r e s t e d ,  o v e r f l o w  w e i r  a t  t h e  o u t l e t  
s e c t i o n .
Flow e n t e r s  t h e  model  t h r o u g h  a h o r i z o n t a l  t u b e  t y p e  f low  
s t r a i g h t e n e r  w h ich  e f f e c t i v e l y  d i s t r i b u t e s  t h e  w a t e r  e v e n l y  a c r o s s  
t h e  e n t r a n c e  c h a n n e l .
To a c h i e v e  a  u n i f o r m  bed l o a d  r a t e  i t  was n e c e s s a r y  t o  add 
t h e  sand  u p s t r e a m  o f  t h e  t e s t  s e c t i o n  a t  a  c o n s t a n t  r a t e  t h r o u g h o u t  
t h e  e x p e r i m e n t .  T h i s  was a c h i e v e d  by  i n s t a l l i n g  a  l a r g e  s t o r a g e  
h o p p e r  above  t h e  e n t r a n c e  c h a n n e l  and l e t t i n g  t h e  sand  f lo w  o u t  t h e  
b o t to m  o f  t h i s  t h r o u g h  a  s m a l l  o r i f i c e .  I t  was found  t h a t  by  u s i n g
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v a r i o u s  s i z e  o r i f i c e s  i t  was p o s s i b l e  t o  s e t  n e a r l y  any  s a n d  f l o w  
r a t e  d e s i r e d .  S e p a r a t e  c a l i b r a t i o n  r u n s  w ere  made f o r  e a c h  o r i f i c e  
a nd  sand  s i z e  and i t  was fo u n d  t h a t  t h e  sand  f low  r a t e  was c o n s t a n t  
u n t i l  t h e  6 c u b i c  f o o t  h o p p e r  was n e a r l y  empty,  so  t h a t  by p e r i o d i c a l l y  
t o p p i n g  up t h e  h o p p e r  i t  was p o s s i b l e  t o  r u n  any  l e n g t h  o f  e x p e r i m e n t .  
The  s a n d  had t o  be  d r i e d  b e tw e e n  e a c h  u s e  and c a r e  was t a k e n  n o t  t o  
o v e r h e a t  i t  i n  t h e  d r y i n g  o v e n s  a s  c r a c k i n g  o f  t h e  sand  g r a i n s  c o u l d  
h a v e  ha p p e n e d .  C o n t i n u o u s  c h e c k i n g  o f  t h e  s i z e  d i s t r i b u t i o n  p ro v ed  
t h a t  t h i s  was n o t  o c c u r i n g .  The sand  f l o w  o u t  o f  t h e  o r i f i c e  was 
s p r e a d  o v e r  t h e  one  f o o t  w i d t h  o f  t h e  e n t r a n c e  c h a n n e l  by h a v i n g  t h e  
s a n d  s t r e a m  s t r i k e  and s p r a y  o f f  t h e . end o f  a b r a s s  s t u d .  Even 
th o u g h  t h i s  method sounds  v e r y  c r u d e  i t  was v e r y  e f f e c t i v e  in  
d i s t r i b u t i n g  t h e  sand  e v e n l y .
4 . 4  Bed m a t e r i a l
The  two s e p a r a t e  s i z e s  o f  sand  used  i n  t h i s  e x p e r i m e n t  
w e r e  O t t a w a  F l i n t  S h o t  w i t h  a  mean d i a m e t e r  o f  . 6 0  mm and  O t taw a  
S i l i c a  90 w i t h  a mean g r a i n  s i z e  o f  . 2 0  mm. T h e s e  s a n d s  w e r e  c h o s e n  
s i n c e  t h e y  a r e  p r a c t i c a l l y  a l l  one  g r a i n  s i z e  w h ich  c a n  b e  se en  
f rom  f i g u r e  13, I t  was fou n d  t h a t  t h e r e  was no s e l e c t i v e  s o r t i n g  o f  
t h e  s a n d  d u r i n g  t h e  t e s t s  due  t o  t h i s  n a r r o w  s i z e  d i s t r i b u t i o n .
4 . 5  L a b o r a t o r y  p r o c e d u r e
The l a b o r a t o r y  p r o c e d u r e  f o l l o w e d  f o r  e a c h  r u n  i n v o l v e d  
r e c i r c u l a t i n g  a  g i v e n  d i s c h a r g e  t h r o u g h  t h e  model  w h i l e  a d d i n g  a 
c o n s t a n t  s e d im e n t  l o a d  u p s t r e a m  o f  t h e  t e s t  s e c t i o n .  The e x p e r i m e n t  
was c o n t i n u e d  u n t i l  t h e  r e s e r v o i r  f i l l e d  w i t h  s a n d  and  e q u i l i b r i u m  
c o n d i t i o n s  w ere  e s t a b l i s h e d ,  w i t h  s and  b e i n g  c a r r i e d  t h r o u g h  t h e  
s e c t i o n  and  ove r  t h e  s p i l l w a y  a t  t h e  same r a t e  a s  i t  was b e i n g
23
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a d d e d  u p s t r e a m .
I n  t h e  model  i t  was p o s s i b l e  t o  s e t  a ny  f lo w ,  s e d i m e n t  
d i s c h a r g e  o r  i n i t i a l  s t o r a g e  c a p a c i t y  d e s i r e d .  The f lo w  dynam ics  
t h e n  wou ld  b u i l d  up a s a n d  b e d ,  t h e  w i d t h  o f  t h e  m ode l ,  u n t i l  a d e p t h  
a nd  s l o p e  had  b e e n  e s t a b l i s h e d  t h a t  w ou ld  t r a n s p o r t  t h e  e n t i r e  
s e d i m e n t  l o a d .
The  t i m e  r e q u i r e d  t o  e s t a b l i s h  e q u i l i b r i u m  c o n d i t i o n s  
v a r i e d  w i t h  t h e  f l o w ,  s e d i m e n t  l o a d  and i n i t i a l  s t o r a g e  c a p a c i t y .
Some r u n s  w i t h  l o w e r  f l o w s  and c o n c e n t r a t i o n s  r e q u i r e d  12 t o  14 h o u r s  
t o  a c h i e v e  e q u i l i b r i u m ,  w h e r e a s ,  a t  h i g h e r  s e d i m e n t  l o a d s  e q u i l i b r i u m  
was e s t a b l i s h e d  i n  5 t o  6 h o u r s .
4 . 6  D a t a  O b t a i n e d
a )  W a te r  s u r f a c e  s l o p e
W a te r  s u r f a c e  e l e v a t i o n s  w e r e  m e a s u r e d  a t  t h r e e  
p o i n t s  a l o n g  t h e  l e n g t h  o f  t h e  model  u s i n g  p r e c i s i o n  O t t  
e l e c t r i c  p o i n t  g a u g e s ,  w h i c h  m e a s u r e d  to  .0 01  o f  a f o o t .
The  maximum and minimum e l e v a t i o n s  w e r e  a v e r a g e d , a n d  t h e  
s l o p e  c a l c u l a t e d  by d i v i d i n g  t h e  h o r i z o n t a l  d i s t a n c e  
b e t w e e n  p o i n t  g a u g e s  i n t o  t h e  d i f f e r e n c e  i n  t h e i r  mean 
w a t e r  l e v e l s .
b)  Bed s l o p e
T h e  bed s l o p e  was d e t e r m i n e d  u s i n g  two m e t h o d s .  F i r s t  
t h e  a c t i v e  bed e l e v a t i o n s  w e r e  m e a s u r e d  d u r i n g  e a c h  r u n  
u s i n g  t h e  same method  a s  t h a t  f o r  w a t e r  s u r f a c e  and  t h e  
a v e r a g e  s l o p e  c a l c u l a t e d .
I n  t h e  s e c o n d  method  t h e  bed e l e v a t i o n s  w e r e  m e a s u r e d  
a f t e r  t h e  f low  ha d  b e e n  s t o p p e d  and t h e  f lum e  c a r e f u l l y
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d r a i n e d ,  so a s  n o t  t o  d i s t u r b  t h e  bed  c o n f i g u r a t i o n s .
T h e s e  m ea s u r e m e n ts  w e r e  made e v e r y  f o u r  i n c h e s  a l o n g  t h e  
f l u m e  u s i n g  a n  O t t  p o i n t  gauge  w h ic h  r e a d  d i r e c t l y  t o  .01 
o f  a  i n c h .  T h e s e  e l e v a t i o n s  w ere  p l o t t e d  on g r a p h  p a p e r  
and  f o r  t h a t  p o r t i o n  w h e r e  a  c o n s t a n t  s l o p e  had  been  
e s t a b l i s h e d  an a v e r a g e  s l o p e  was d e t e r m i n e d  u s i n g  t h e  
m ethod  o f  l e a s t  s q u a r e s .
c )  D i s c h a r g e
To m e a s u r e  t h e  d i s c h a r g e  a  c a l i b r a t e d ,  s h a r p - c r e s t e d
o
15 V n o t c h  w e i r  was i n s t a l l e d  i n  t h e  r e t u r n  c h a n n e l  
b e t w e e n  t h e  two s e c t i o n s  o f  t h e  sump. I t  was p o s s i b l e  t o  
m e a s u r e  f l o w s  f rom  20 t o  222 G . P . M . ( U . S . )  t o  w i t h i n  an 
a c c u r a c y  o f  1 G.P.M.
The  w a t e r  d i s c h a r g e  was m ea s u red  f o u r  o r  f i v e  t i m e s  
e a c h  r u n .  The a v e r a g e  d i s c h a r g e  f o r  a r u n  i s  t h e  mean o f  
t h e s e  m e a s u r e m e n t s .
The V n o t c h  was c a l i b r a t e d  u s i n g  a v e n t u r i  m e t e r  f o r  
t h e  h i g h e r  f l o w s  and  a c a t c h  t a n k  and s t o p  w a t c h  f o r  t h e  
v e r y  low f l o w s .
d )  D e p t h
The f lo w  d e p t h  was c a l c u l a t e d  by  s u b t r a c t i n g  t h e  
a v e r a g e  bed l e v e l  f rom  t h e  a v e r a g e  w a t e r  s u r f a c e  l e v e l  a t  
e a c h  o f  t h e  t h r e e  m e a s u r i n g  p o i n t s  and  t h e n  a v e r a g i n g  t h e s e  
3 r e a d i n g s .  I t  was n e c e s s a r y  t o  m o d i f y  t h i s  p r o c e d u r e  to  
t a k e  i n t o  a c c o u n t  t h a t  t h e  sand  had  n o t  b e e n  c a r r i e d  i n t o  
t h e  r e a c h  o f  a l l  t h e  p o i n t  gauges  u n t i l  n e a r  t h e  end o f  
e a c h  r u n .
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e ) V e l o c i t y
The v e l o c i t y  was c a l c u l a t e d  u s i n g  t h e  c o n t i n u i t y  
e q u a t i o n  o r  i n  o t h e r  w ords  by d i v i d i n g  t h e  f low  by t h e  
c r o s s - s e c t i o n a l  a r e a .
4 . 7  Bed c o n f i g u r a t i o n
C e n t e r l i n e  p r o f i l e s  and c o n t o u r  maps w e re  made o f  t h e  bed 
d e p o s i t s  a f t e r  e a c h  r u n .  The c o n t o u r s  w ere  l a i d  o u t  d u r i n g  t h e  
d r a i n i n g  o f  t h e  f lu m e  by s t o p p i n g  a t  e a c h  i n c h  d r o p  i n  w a t e r  l e v e l  
and p l a c i n g  a  s t r i n g  a ro u n d  t h e  w a t e r  edge .  T h i s  i s  shown in  p h o to  2.
The c e n t e r l i n e  p r o f i l e  was m e a s u r e d  by t a k i n g  bed 
e l e v a t i o n s  e v e r y  f o u r  i n c h e s  a l o n g  t h e  f lu m e  u s i n g  a p r e c i s i o n  p o i n t  
gauge .
I n  a d d i t i o n  to  m e a s u r i n g  t h e  bed  c o n f i g u r a t i o n  a  s e r i e s  o f  
p h o t o g r a p h s  o f  t h e  bed w ere  t a k e n  f rom  a bove  t h e  f lum e  and t h r o u g h  
t h e  p l e x i g l a s s  s i d e  w a l l ,  showing t h e  p r o g r e s s i o n  o f  t h e  bed fo rm  
i n t o  t h e  r e s e r v o i r  w i t h  t im e .
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CHAPTER 5 
ANALYSIS AND DISCUSSION
5 . 1  Bed l o a d  e q u a t i o n s
The f i r s t  i n v e s t i g a t i o n  c a r r i e d  o u t  was t o  s e e  i f  t h e  
e q u a t i o n s  o f  Du Boys ,  S h i e l d s , E i n s t e i n  and K a l i n s k e ,  when u s e d  a l o n g  
w i t h  t h e  w e l l  known M a n n i n g ' s  e q u a t i o n  c o u ld  d e s c r i b e  t h e  s e d i m e n t  
t r a n s p o r t  c a p a c i t y .
F i g u r e s  15 t o  18 show how c l o s e  e a c h  e q u a t i o n  came i n  
p r e d i c t i n g  t h e  a c t u a l  bed l o a d .  As c a n  be s e e n  t h e r e  i s  a c o n s i d e r a b l e  
amount  o f  s c a t t e r ,  b u t  t h i s  i s  a l l  w e l l  w i t h i n  t h e  f a c t o r  10 w h ic h  
i s  common i n  s e d i m e n t  t r a n s p o r t  p r o b le m s .  A t  f i r s t  g l a n c e  i t  i s  
q u i t e  o b v i o u s  t h a t  Du Boys '  e q u a t i o n  does  n o t  d e s c r i b e  t h e  a c t i o n  
v e r y  w e l l  a t  a l l  f o r  i t  comes up w i t h  n e g a t i v e  t r a n s p o r t  r a t e s  wh ich  
a r e  p h y s i c a l l y  i m p o s s i b l e .  To show w h ic h  e q u a t i o n  b e s t  f i t s  t h e  
d a t a  an  a n a y l s i s  was done  on t h e  e r r o r s ,  w i t h  e r r o r  b e i n g  d e f i n e d  
a s  j q s e x p e r i m e n t  - q s  e q u a t i o n j  . As can  be  s e e n  from f i g u r e  19,
Du Boys '  h a s  t h e  g r e a t e s t  e r r o r  w h i l e  E i n s t e i n  and  K a l i n s k e  e s s e n t i a l l y  
h a v e  t h e  s m a l l e s t  e r r o r .  Thus t h e  e q u a t i o n s  o f  E i n s t e i n  and K a l i n s k e  
o f f e r  t h e  b e s t  s o l u t i o n  even  t h o u g h  t h e  mean e r r o r  i s  i n  t h e  same 
o r d e r  o f  m a g n i t u d e  a s  t h e  e x p e r i m e n t a l  bed l o a d .
5 . 2  S l o p e  e q u a t i o n s
F i g u r e s  20 t h r o u g h  23 show how w e l l  t h e  e q u a t i o n s  d e v e l o p e d
d e s c r i b e  t h e  s l o p e  o f  t h e  bed fo rm .  A ga in  t h e r e  i s  a  c o n s i d e r a b l e
amount  o f  s c a t t e r  b u t  t h i s  t im e  p o i n t s  l i e  b o t h  a b o v e  and be low t h e  
o
45 l i n e  show ing  t h a t  t h e r e  i s  no  b i a s  i n  t h e  e q u a t i o n s  t o  e i t h e r  
o v e r e s t i m a t e  o r  u n d e r e s t i m a t e  t h e  s l o p e s .  A g a i n  t h e  e r r o r s , j s  exp  - 
S e q u a t i o n j  , w e re  e xam ined  t o  s e e  w h ic h  e q u a t i o n  b e s t  d e s c r i b e d
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t h e  e x p e r i m e n t s  and  a s  can be  s e e n  f rom  f i g u r e  24 t h e  S h i e l d ' s  e  
e q u a t i o n  h a s  t h e  l a r g e s t  mean e r r o r  and  t h e  l a r g e s t  v a r i a n c e  o f  t h i s  
e r r o r ;  t h e r e f o r e  t h i s  i s  t h e  p o o r e s t  e q u a t i o n .  I n  t h e  r e m a i n i n g  
t h r e e  e q u a t i o n s  t h e r e  i s  o n l y  a m a r g i n a l  im provem en t  o f  one  e q u a t i o n  
o v e r  t h e  n e x t  b u t  K a l i n s k e * s  e q u a t i o n  i s  a g a i n  t h e  b e s t  due  t o  i t  
b e i n g  more  c o n s i s t e n t  a s  shown by i t  h a v i n g  a s m a l l e r  s t a n d a r d  
d e v i a t i o n .
5 . 3  Liu-Hwang  e q u a t i o n s
As c a n  b e  s e e n  i n  f i g u r e s  25 t o  28 t h e  Qs v a l u e s  a s  found  
by t h e  L iu-Hwang  e q u a t i o n s  a r e  much g r e a t e r  t h a n  t h o s e  found  from 
t h e  M a n n i n g - S t r i c k l e r  e q u a t i o n s .  The  v a l u e s  f o r  S g i v e n  by t h i s  
m e thod  a s  shown i n  f i g u r e s  29 t o  32 a r e  v e r y  much s m a l l e r  t h a n  
t h o s e  g i v e n  by t h e  M a n n i n g - S t r i c k l e r  e q u a t i o n s  o r  e ven  t h o s e  found  
i n  t h e  e x p e r i m e n t s .
I t  i s  o b v i o u s  t h a t  by i n c r e a s i n g  t h e  r e s i s t a n c e  by 
i n c l u d i n g  some fo rm  r e s i s t a n c e  t e n d s  t o  r e d u c e  t h e  e n e r g y  s l o p e s  
r e q u i r e d  t o  t r a n s p o r t  a g i v e n  bed  l o a d  o r  c o n v e r s e l y  i t  t e n d s  to  
i n c r e a s e  t h e  s e d i m e n t  c a r r y i n g  c a p a c i t y  o f  a c h a n n e l  f o r  a  g i v e n  
s l o p e .  However ,  f rom  t h i s  s t u d y  i t  seems t h a t  t h e  e q u a t i o n s  
d e v e l o p e d  f rom t h e  Liu-Hwang g r a p h s  g r e a t l y  o v e r e s t i m a t e  t h e  b e d fo rm  
r e s i s t a n c e  and t h u s  g i v e  i n c o r r e c t  a n s w e r s .
5 . 4  O t h e r  Form R e s i s t a n c e  E q u a t i o n s
The e q u a t i o n s  o f  E i n s t e i n  and  B a r b a r o s s a  a s  w e l l  a s  
t h o s e  o f  Simons and  R i c h a r d s o n  a s  d e v e l o p e d  i n  s e c t i o n s  3 .1 1  and 
3 . 1 2 ,  do n o t  c h a n g e  t h e  b a s i c  e q u a t i o n s  a s  much a s  t h o s e  o f  L iu  
and Hwang and  t h u s  w i l l  h a v e  a  l e s s e r  e f f e c t  on t h e  Qs and S v a l u e s .
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A g a in  t h e  o r d e r  o f  m a g n i t u d e  o f  t h e  c h a n g e  i s  much t o o  g r e a t  
and  g i v e s  i n c o r r e c t  f i n a l  r e s u l t s .
5 . 5  S t re a m  Geometry  E q u a t i o n s
d a t a  o b t a i n e d  compared  t o  t h e  r e g i m e  e q u a t i o n s  o f  L acey  and t h e  
s t r e a m  g e o m e t ry  e q u a t i o n s  o f  L e o p o ld  and Maddock. As c a n  be 
s e e n  i n  t a b l e  1 , t h e  e x p e r i m e n t s  w ere  o n l y  c o n d u c t e d  a t  two 
d i s c h a r g e s ,  t h u s  o n l y  g e n e r a l  t r e n d s  i n  t h e  r e l a t i o n s h i p s  o f  t h e  
p a r a m e t e r s  v e r s u s  d i s c h a r g e  can  be made.  The v a l u e s  o f  t h e  
v a r i a b l e s  a t  e a c h  d i s c h a r g e  w ere  a v e r a g e d  and t h e  e q u a t i o n s  w e re  
computed a s  f o l l o w s :
The  n e x t  i n v e s t i g a t i o n  c a r r i e d  o u t  was t o  s e e  how t h e
P = a  Qb ( a s  shown i n  f i g u r e  34)
2 . 6 7 3  = a  ( . 0 8 7 3 3 ) b
2 . 7 2 1  = a  ( . 1 7 6 4 5 ) b
2 .6 7 3




.983  = .4945  b
b = .0244
2 . 7 2 1  -  a  ( . 1 7 6 4 5 )
.0244
a = 2 . 7 4
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T h e r e f o r e  f o r  t h e  r e s e r v o i r  e x p e r i m e n t s
no >• t.P = 2 . 7 4  Q ( 5 . 1 )
L a c e y ' s  c o m p a r a b l e  e q u a t i o n  i s
0 . 5
? r  2 . 6 7  Q ( 2 . 1 3 )
On c o m p a r in g  t h e  two e q u a t i o n s  t h e  p o i n t  t o  n o t e  i s  t h a t
t h e  powers  o f  t h e  e q u a t i o n  a r e  q u i t e  d i f f e r e n t .  T h i s  i s  e a s i l y
u n d e r s t o o d  i f  one  r e a l i z e s  t h a t  i n  t h e  p r e s e n t  s t u d y  t h e  r e s e r v o i r
was f u l l  o f  w a t e r  a t  t h e  s t a r t  o f  e a c h  r u n  and  t h i s  w a t e r  l e v e l  and
d i s c h a r g e  r e m a in e d  c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t .  T h e r e  was
no a c t i o n  t h a t  wou ld  c a u s e  berms o r  s i d e s  t o  b u i l d  up s i n c e  t h e  w a t e r
c a n n o t  move t h e  sand  g r a i n s  h i g h e r  t h a n  i t s  own s u r f a c e ,  t h u s  t h e
w i d t h  was f o r c e d  to  s t a y  a t  2 . 5  f e e t .  The c o n s t a n t  2 . 7 4  e v e n  th o u g h
i t  i s  v e r y  c l o s e  t o  t h a t  o f  L a c e y ' s  c o u l d  h a v e  had  any  o t h e r  v a l u e
i f  w i d t h s  had been  c h o s e n  o t h e r  t h a n  2 . 5  f e e t .
L eo p o ld  and Maddock u s e d  t h e  w i d t h  r a t h e r  t h a n  t h e  w e t t e d
p e r i m e t e r  and d e v e l o p e d  t h e  e q u a t i o n :
26W ;  a  Q f o r  a  g i v e n  c r o s s  - s e c t i o n  ( 2 . 1 8 )
W ;  a  Q ‘ f o r  a l l  c r o s s - s e c t i o n s  i n  a  b a s i n
From o u r  s t u d i e s
W r a  Qb
0 - 0:  2 . 5  Q
W r 2 . 5  f e e t  ( 5 . 2 )
L a c e y  a l s o  d e v e l o p e d  an  e q u a t i o n  f o r  mean s l o p e  w h i c h  was
S :  .000547  f 5 / 3  Q" 1 / 6  ( 2 . 1 4 )
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-1 16o r  S = .00096  Q * ( 5 . 3 )
From t h e  p r e s e n t  s t u d i e s
S ;  a  Qd ( a s  shown i n  f i g u r e  35 )
.00561  = a  ( . 0 8 7 3 3 )  b
.01026  = a  ( . 1 7 6 4 5 )  b
b ;  .86 
a  = .00456
S = .00456  Q ,86 ( 5 . 4 )
T h i s  shows q u i t e  r e a d i l y  t h a t  i n  t h i s  c a s e  t h e  s l o p e  i s
a d j u s t i n g  i t s e l f  t o  t r a n s p o r t  t h e  bed  l o a d  s i n c e  t h e  w i d t h  was
u n a b l e  t o  a d j u s t  i t s e l f .
5.  6 Dep th  e q u a t i o n s
T h i s  phenomenon becomes  e ve n  more  a p p a r e n t  when we compare  
t h e  d e p t h  e q u a t i o n s  o f  L acey ,  L e o p o ld  and Maddock and t h o s e  d e v e l o p e d  
f rom  t h e  e x p e r i m e n t a l  d a t a .
D r  i  Q3 ( a s  shown i n  f i g u r e  36 )
.086  = i  ( . 0 8 7 3 3 )  j
. 110  = i  ( . 1 7 6 4 5 )  3 
j  = -35 
i  -  . 202
D r  . 202  Q ' 35 ( 5 . 5 )
L a c ey  g i v e s
D = -473 Q  _  .442  Q*33  (5  6 )
f l / 3  =
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L e o p o l d  and  Haddock  g i v e
D = i  Q' 40  ( 2 . 1 9 )
A l l  o f  t h e  a bove  e q u a t i o n s  show a  v e r y  good a g r e e m e n t ,  
showing  t h a t  t h e  d e p t h  o f  f l o w  a t t a i n e d  i s  e s s e n t i a l l y  t h e  same i n  
o u r  c a s e  o f  h a v i n g  t h e  w i d t h  c o n s t r a i n e d  a s  t h o s e  o f  L e o p o l d  and 
Maddock.  Showing  t h a t  t h e  m a j o r  a d j u s t m e n t  f o r  t h e  t r a n s p o r t  o f  bed  
l o a d ,  f o r  c h a n g i n g  f l o w s ,  i s  i n  t h e  bed s l o p e  a s  shown i n  f i g u r e  37 .
5 . 7  O t h e r  f a c t o r s
The  o t h e r  f a c t o r s  t h a t  h a v e  been  t r a d i t i o n a l l y  
i n v e s t i g a t e d  a r e  a r e a  and  v e l o c i t y .  In  t h i s  s t u d y  o u r  a r e a  e q u a t i o n  
h a s  t h e  same e x p o n e n t  a s  t h e  d e p t h  e q u a t i o n  s i n c e  t h e  w i d t h  was 
i n d e p e n d e n t  o f  Q, and  a r e a  = w i d t h  *  d e p t h .
The v e l o c i t y  e q u a t i o n  was fou n d  t o  be
V = 2 . 0 2  ( a s  shown in  f i g u r e  38 ) ( 5 . 7 )
w h i c h  b e a r s  L i t t l e  r e s e m b l e n c e  t o  L a c e y ' s  e q u a t i o n  o f
V = .9 5 6  Q1^6 ( 5 . 8 )
T h i s  i s  t o  b e  e x p e c t e d ,  how e ve r ,  s i n c e  o u r  r e l a t i o n s h i p  o f
c r o s s - s e c t i o n a l  a r e a s  w e r e  d i f f e r e n t  i .t  i s  o n l y  n a t u r a l  t h a t  t h e  
r e l a t i o n s h i p  f o r  v e l o c i t y  w ou ld  be d i f f e r e n t  s i n c e  Q = A *  V.
5 . 8  E n e r g y  S l o p e s
As c a n  be  s e e n  from f i g u r e  33 t h e  e n e r g y  s l o p e s  f o r  many 
o f  t h e  e x p e r i m e n t s  a r e  c l o s e l y  r e l a t e d  t o  t h e  bed s l o p e .  P o i n t s  
l y i n g  o u t s i d e  t h e  d o t t e d  l i n e , w h i c h  shows t h e  l i m i t  o f  t h e  
m ea s u rem e n t  e r r o r ,  can  be s u s p e c t e d  t o  h a v e  some a b n o rm a l  e r r o r  
. in  t h e  m e a s u r e m e n t .
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5 . 9  S ed im en t  D e p o s i t s
From f i g u r e s  39 t o  62 i t  i s  a p p a r e n t  t h a t  t h e  bed form 
q u i c k l y  a d j u s t s  i t s e l f  t o  t h e  f u l l  w i d t h  o f  t h e  r e s e r v o i r .  I f  t h e  
f l o w  b u i l d s  up a  d e p o s i t  on one  s i d e  o f  t h e  c h a n n e l  t h e  f l o w  w i l l  
be  d e f l e c t e d  t o  t h e  o p p o s i t e  s i d e  o f  t h e  c h a n n e l .  Then t h e  
s e d i m e n t  w i l l  b e g i n  t o  b u i l d  up i n  t h i s  r e g i o n .  By s u c c e s s i v e  
a c t i o n s  o f  t h i s  t y p e  t h e  d e p o s i t  b u i l d s  up a c r o s s  t h e  e n t i r e  w i d t h .
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CONCLUSIONS
From t h i s  s t u d y  t h e  f o l l o w i n g  c o n c l u s i o n s  can  he  drawn.
6 . 1  As d i s c u s s e d  i n  s e c t i o n s  5 . 1  t o  5 . 4  t h e  E i n s t e i n  and k a l i n s k e  
e q u a t i o n s  a r e  s u p e r i o r  t o  t h e  Du Boys and S h i e l d s  e q u a t i o n s  i n  
e s t i m a t i n g  t h e  bed l o a d  and  s l o p e  f o r  t h e s e  c h a n n e l s .
6 . 2  As d i s c u s s e d  i n  s e c t i o n  5 . 5  t h e  s l o p e  o f  t h e s e  channeLs  w i l l  
be a  f u n c t i o n  o f  t h e  f l o w  t h r o u g h  t h e  r e s e r v o i r .
6 . 3  As d i s c u s s e d  i n  s e c t i o n  5 . 6  t h e  f low  d e p t h  f o l l o w s  t h e  same 
r e l a t i o n s h i p s  f o r  c h a n n e l s  fo rmed by b u i l d i n g  up bed  d e p o s i t s  i n  
b a c k w a t e r  a s  t h o s e  formed by s t r e a m s  c u t  i n t o  u p l i f t e d  r e g i o n s .
6 . 4  As d i s c u s s e d  i n  s e c t i o n  5 . 9 ,  c h a n n e l s  b u i l t  up i n  b a c k w a t e r  
w i l l  t e n d  t o  become t h e  f u l l  w i d t h  o f  t h e  r e s e r v o i r .
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FIGURE 12 D E T A IL S OF MODEL
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PL A N PROFI LE
EXPERIMENT 5 
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TABLE 1
E x p e r im e n t
Number





1 - 6 . 0 0
Flow 













I n i t i a l
Depth






2-1 .0 0  198 1000 6 .6
2-3 .00  198 1000 6 .6
2-6 .0 0  198 1000 6 .6
2-8 00 198 1000 6 .6
2-11 .43  198 1000 6 .6
3-4 .22  98 2020 6.6
3-9 .21  98 2020 6 .6
3-14 .00  98 2020 6.6
4 -4 .1 4  98 2030 6 .6
4 -9 .2 8  98 2030 6 .6
4 -1 4 .2 3  98 2030 6 .6
5-1 .46  98 2030 4 .0
5-4 .32  98 2030 4 .0
5-7 .41  98 2030 4 .0
6 -9 .28  98 2030 6 .6
6-16 .00  30 0 5 .6
7-1 .10  198 2040 5 .6
7-2 .46  198 2040 5.6
7-4 .32  198 2040 5.6
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TABLE 2
E x p e r im e n t
Number
( l a p s e  t i m e )
1 - 0 . 3 0
1 - 1 . 3 0
1 - 3 . 0 0
1 - 4 . 0 0
1 - 6 . 00
2 - 1 . 0 0
2 - 3 . 0 0
2 - 6 . 0 0
2 - 8 . 00
2 - 1 1 . 4 3
3 - 4 . 2 2
3 - 9 . 2 1
3 - 1 4 . 0 0
4 - 4 . 1 4
4 - 9 . 2 8
4 - 1 4 . 2 3
5 - 1 . 4 6
5 - 4 . 3 2
5 - 7 . 4 1
6 - 9 . 2 8
6 - 1 6 . 0 0
7 - 1 . 1 0
7 - 2 . 4 6
7 - 4 . 3 2
Mean W ate r  P e r i m e t e r  A re a  V e l o c i t y
2D e p th  S l o p e  f e e t  f e e t  t p s
f e e t
.1 0 3  .00577  2 . 7 0 7  .258  .683
.109  .00456  2 .7 1 8  .2 7 3  .646
.119  .00813  2 .7 3 8  .298  .592
.102 -  2 .7 0 5  .256  .689
.097 .00426  2 .6 9 3  .242  .730
.096 .00426  2 .6 9 2  .240  .737
.102 .00256  2 .7 0 3  .254  .694
.085 - 2 . 6 7 0  .2 1 2  .411
,092 .00451  2 .6 8 3  .229  .381
.075 .00737  2 .6 5 0  .187  .466
.093 .00301  2 .687  .2 3 3  .374
.079 .00692  2 .6 5 8  .198  .441
.093  .00677  2 .6 8 7  .233  .374
.086 .00602  2 .6 7 2  .215  .407
.00251  2 .6 7 7  .221  .395
.088 .00237  -  -
135 -  2 . 7 7 2  .3 4 0  .520
114 0 2 .7 2 8  .286  .618
125 .00752  2 .7 5 2  .315  .560
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TABLE 3
E x p e r im e n t





1 - 6 . 0 0
2 - 1 . 00  
2-3 .00  
2 - 6 . 0 0  
2-8  00 
2-11.43
3 - 4 . 2 2
3 - 9 . 2 1
3 - 1 4 . 0 0
4 - 4 . 1 4
4 - 9 . 2 8
4 - 1 4 . 2 3
5-1 .46
5 - 4 . 3 2
5 - 7 . 4 1
6 - 9 . 2 8
6 - 1 6 . 0 0
7 - 1 . 1 0
7 - 2 . 4 6
7 - 4 . 3 2
No. Qs













i-lan-S t r  





Man-S t r  





M a n -S t r
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TABLE 4
E x p e r im e n t





1 - 6 . 0 0
2 - 1 . 00
2-3 .00
2 - 6 . 00

















E x p e r im e n t
M a n - S t r  
DuBoys
M a n -S t r  
S h i e l d s
M a n -S t r
E i n s t e i n
M a n - S t r
K a l i n s k e
.00853
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TABLE 5
Mean Mean Mean Mean Mean Mean
Flow Depth P e r i m e t e r A re a V e l o c i t y S lo p e Width
c f  s f e e t f e e t f e e t 2 f t / s e c f e e t
.08733 .086 2 .6 7 3 .216 .406 .00561 2 . 5
. 17645 . 110 2 .7 2 1 .276 .647 .01026 2 . 5
TABLE 6
(by  M a n n i n g - S t r i c k l e r )  DuBoys S h i e l d s  E i n s t e i n  K a l i n s k e
Mean E r r o r  Qs .0001080  .0001028  .0000717 .0000717
S t a n d a r d  D e v i a t i o n  Qs .0000483  .0001379 .0000276 .0000255
Mean E r r o r  S .0 0 4 5 0  .00520  .00412  .00412
S t a n d a r d  D e v i a t i o n  S .00308  .00452  .00312 .00282
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TABLE 7








( l a p s e  t im e ) E x p e r im e n t DuBoys S h i e l d s E i n s t e i n K a l i n s k e
1 - 0 . 3 0 .0001358 _ - - -
1 - 1 . 3 0 .0001358 - - - -
1 - 3 . 0 0 .0001358 .0086354 .0173779 .0099456 .0037977
1 - 4 . 0 0 .0001358 .0056812 .0108711 .0053884 .0022788
1 - 6 . 0 0 .0001358 .0029053 .0051416 .0020261 .0010086
2 - 1 . 0 0 .0000666 _ - -
2 - 3 . 0 0 .0000666 .0091845 .0186224 .0103863 .0040947
2 - 6 . 0 0 .0000666 .0143414 .0307183 .0209346 .0070612
2 - 8 . 0 0 .0000666 .0153164 .0330757 .0230582 .0076533
2 - 1 1 . 4 3 .0000666 .0097733 .0199673 .0119245 .0044177
3 - 4 . 2 2 .0000666 .0028894 .0044775 .0002850 .0013377
3 - 9 . 2 1 .0000666 .0016552 .0023811 .0001238 .0006673
3 - 1 4 . 0 0 .0000666 .0072707 .0127529 .0011349 .0042364
4 - 4 . 1 4 .0000669
4 - 9 . 2 8 .0000669 .0002562 .0003095 .0000576 .0000519
4 - 1 4 . 2 3 .0000669 .0009360 .0012642 .0003616 .0002399
5 - 1 . 4 6 .0000669 _ _
5 - 4 . 3 2 .0000669 .0002562 .0003095 .0000576 .0000519
5 - 7 . 4 1 .0000669 .000497  7 .0006334 .0001467 .0001131
6 - 9 . 2 8 .0000669 .0003969 .0004956 .0001065 .0000866
6 - 1 6 . 0 0 0 - - - -
7 - 1 . 1 0 .0001358 .0010585 .0016801 .0004701 .0002985
7 - 2 . 4 6 .0001358 .0040347 .0074152 .0032690 .0015026
7 - 4 . 3 2 .0001358 .0019119 .0032294 .0011036 .0006079
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E x p e r im e n t  No. S S S S S
Liu-Hwang Liu-Hwang Liu-Hwang Liu-Hwang 
( l a p s e  t i m e )  E n e r g y  DuBoys S h i e l d s  E i n s t e i n  K a l i n s k e
1-0 .30 - - - - -
1 -1 .30 - - - -
1-3 .00 .00620 .00054 .00026 .00035 .00091
1-4 .00 .01765 .00062 .00032 .00050 .00118
1-6 .00 .01405 .00077 .00044 .00088 .00176
2-1 .00 _ - - - -
2 -3 .00 - .00028 .00013 .00016 .00043
2-6 .00 .00104 .00025 .00011 .00011 .00033
2-8 .00 .00460 .00025 .00011 .00011 .00032
2-11 .43 .01444 .00028 .00013 .00015 .00042
3-4 .22 . .00029 .00035 .00311 .00068
3-9.21 .00260 .00034 '.00046 .00502 .00038.
3-14.00 .00826 .00023 .00023 .00140 .00038
4-4 .14 - - - -
4 -9 .28 .00279 .00156 .00141 .00594 .00655
4-14 .23 .00656 .00102 .00077 .00206 .00308
5-1 .46 _ - - -
5-4 .32 .00659 .00156 .00141 .00594 .00655
5-7 .41 .00589 .00125 .00104 .00347 .00447
6-9 .28 .00219 .00135 .00115 .00417 .00509
6-16 .00 - - - - -
7-1 .10 _ .00108 .00071 .00205 .00320
7-2.46 .00048 .00069 .00038 .00067 .00144
7-4 .32 .00792 . 000S8 .00053 .00125 .00225
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BUILD UP OF BED DEPOSITS AT CONSTANT DISCHARGE AND UNIFORM BED
LOAD FOR EXPERIMENT 7.
p h o t o  2 
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[SAND FLINT SHOT
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Born on May 13,  1943, i n  W in d s o r ,  O n t a r i o ,  Canada .  
G r a d u a te d  f rom  J . L .  F o r e s t e r  C o l l e g i a t e  I n s i t u t e ,  W in d s o r ,  
O n t a r i o .
G r a d u a te d  f rom  t h e  U n i v e r s i t y  Of W indso r ,  w i t h  a  B a c h e l o r  
o f  A p p l i e d  S c i e n c e  i n  C i v i l  E n g i n e e r i n g .
A c c e p te d  a s  a c a n d i d a t e  o f  t h e  M a s t e r  o f  A p p l i e d  S c i e n c e  
d e g r e e  a t  t h e  U n i v e r s i t y  o f  W in d s o r .
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